Protein kinase C (PKC) and Syk protein tyrosine kinase play critical roles in immune cell activation including that through the highaffinity IgE receptor, FcRI. Mechanisms by which PKC activation leads to the activation of Ras, a family of GTPases essential for immune cell activation, have been elusive. We present evidence that Tyr-662 and Tyr-658 of PKC␤I and PKC␣, respectively, are phosphorylated by Syk in the membrane compartment of FcRIstimulated mast cells. These phosphorylations require prior PKC autophosphorylation of the adjacent serine residues (Ser-661 and Ser-657, respectively) and generate a binding site for the SH2 domain of the adaptor protein Grb-2. By recruiting the Grb-2͞Sos complex to the plasma membrane, these conventional PKC isoforms contribute to the full activation of the Ras͞extracellular signal-regulated kinase signaling pathway in FcRI-stimulated mast cells.
ngagement of multichain immune recognition receptors, including antigen receptors and the high-affinity IgE receptor, FcRI, induces the activation of a number of protein kinases, among which protein tyrosine kinase (PTK) Syk and the protein kinase C (PKC) family of serine͞threonine kinases play crucial roles in immune cell activation (1) (2) (3) (4) . Receptor crosslinking elicits the enzymatic activation of receptor-bound Src family PTKs such as Lyn. These kinases phosphorylate tyrosine residues in the immunoreceptor tyrosine-based activation motifs (ITA Ms) in signaling subunits of receptor. Tyrosinephosphorylated ITAMs recruit Src family and Syk kinases through Src homology 2 (SH2) domain-phosphotyrosine interactions and activate these kinases. Syk in concert with Bruton's tyrosine kinase (Btk), another PTK that is critical for B and mast cell activation, phosphorylates and activates phospholipase C (PLC)-␥. PLC-␥ hydrolyzes phosphatidylinositol 4,5-bisphosphate into diacylglycerol and inositol 1,4,5-trisphosphate. Diacylglycerol activates several PKC isoforms and 1,4,5-trisphosphate recruits Ca 2ϩ from intracellular storage sites.
The PKC family of serine͞threonine kinases play crucial roles in a plethora of biological functions such as proliferation, differentiation, development, and more specialized cellular functions (4) (5) (6) . Based on cofactor requirements and structure, PKC family members are divided into the Ca 2ϩ ͞diacylglycerol-regulated conventional isoforms (␣, ␤I, ␤II, and ␥), the Ca 2ϩ -independent, but diacylglycerol-regulated isoforms (␦, , , and ), and the Ca 2ϩ ͞ diacylglycerol-independent atypical isoforms ( and ͞). Recently, PKC␤I was shown to be regulated by Syk and Btk, apparently through the activation of PLC-␥, and to be required for the regulation of cytokine gene expression in FcRI-stimulated mast cells (7) . Activation of the Ras͞extracellular signal-regulated kinase (ERK) pathway is another critical event for immune cell activation, leading to transcriptional regulation of cytokine genes, translational regulation, and other effector functions (8, 9) . In mast cells, Ras activation leads to activation of cytosolic phospholipase A 2, thus release of arachidonic acid (10, 11) . Ras activity is cycled between an inactive GDP-bound state and an active GTP-bound state. The ratio of GTP-bound Ras to GDP-bound Ras is negatively regulated by GTPase-activating proteins (GAPs) and positively regulated by guanine nucleotide exchange factors (GEFs) (12) . GTP-bound Ras activates the canonical cascade of three kinases, i.e., c-Raf-1 3 mitogen-activated protein kinase͞ERK kinase (MEK) 3 ERK. Although several mechanisms including both PKC-dependent and -independent routes have been proposed to explain how this pathway is activated in immune cells (13) (14) (15) (16) (17) , the exact mechanism by which PKC regulates the Ras͞ERK pathway has been an enigma for a long time. In this article, we describe a mechanism for Ras activation that depends on PKC␣ or PKC␤I, as well as Syk.
Materials and Methods
Cell Culture and Stimulation. Bone marrow cells derived from wild-type, btkϪ͞Ϫ (18) , and PKC␤Ϫ͞Ϫ (19) mice were cultured in IL-3-containing medium for 4-6 weeks to generate Ͼ95% pure populations of mast cells (20) . Cells were sensitized overnight with anti-dinitrophenyl (DNP) IgE mAb and stimulated with the antigen, DNP-human serum albumin conjugates (a kind gift from Teruko Ishizaka, La Jolla Institute for Allergy and Immunology, San Diego). Retroviral transfection of PKC␤Ϫ͞Ϫ mast cells was done as described (21) . Wild-type, Syk-deficient variant, and syk cDNA-transfected sykϪ RBL-2H3 cells were described (22) .
Immunoblotting Analysis and Antibodies. Subcellular fractionation was performed as described (23) . Cells and subcellular fractions were solubilized in 1% Nonidet P-40-containing lysis buffer (20 mM Tris⅐HCl, pH 8.0͞0.15 M NaCl͞1 mM EDTA͞1 mM sodium orthovanadate͞1 mM phenylmethylsulfonyl fluoride͞10 g/ml aprotinin͞10 g/ml leupeptin͞25 M p-nitrophenyl pЈ-guanidinobenzoate͞1 M pepstatin͞0.1% sodium azide). Proteins in cleared cell lysates or subcellular fractions were either immunoprecipitated before, or directly analyzed by, SDS͞PAGE, followed by electroblotting onto poly(vinylidene difluoride) membranes (Millipore). Antibodies used for immunoprecipitation and blotting were: anti-PKC␣ (C-20), anti-PKC␤I (C-16), anti-PKC␤II (C-18), anti-Lyn (44), anti-Btk (M138), anti-Syk (C-20), anti-GST, and anti-Grb-2, all from Santa Cruz Biotechnology; anti-phospho-PKC (pan), a gift from M. Comb, Cell Signaling Technology, Beverly, MA; anti-Sos, anti-Ras, and anti-phosphotyrosine 4G10 mAb from Upstate Biotechnology; anti-phospho-ERK from Cell Signaling Technology; and anti-ERK from Zymed (South San Francisco, CA). Proteins reactive with primary antibody were visualized with an horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence reagents (Perkin-Elmer Life Sciences, Boston).
In Vitro Kinase Assays. Active Btk, Lyn, and Syk molecules were immunoprecipitated from pervanadate-stimulated MCP-5 murine mast cells with respective antibodies (all from Santa Cruz Biotechnology). Immune complexes were incubated with 5 g of synthetic peptides in the kinase buffer (50 mM Hepes, pH 7.4͞10 mM MgCl 2 ͞10 mM MnCl 2 ͞0.1 M ATP) in the presence of 10 Ci [␥-32 P]ATP (1 Ci ϭ 37 GBq). Reaction products were analyzed by SDS͞PAGE and autoradiography of dried gels.
PKC Kinase Assay. COS-7 cells were electroporated with plasmid constructs. Transfected cells were lysed for in vitro PKC kinase assays and used for immunoprecipitation with anti-hemagglutinin (12CA5, Roche Molecular Biochemicals) before SDS͞ PAGE and immunoblotting with anti-hemagglutinin or antiphospho-PKC (pan), which was used to detect Thr-641-phosphorylated PKC␤I.
Ras Assay. Cell lysates were incubated with GST-Raf-1 RBD agarose beads (Upstate Biotechnology). GTP-bound Ras precipitated with the beads were detected by SDS͞PAGE and immunoblotting with anti-pan-isoform-specific Ras antibody (Upstate Biotechnology).
Results
Syk Phosphorylates Tyr-662 in PKC␤I on FcRI Stimulation. Given the importance of PKC␤I in FcRI signal transduction (7, (24) (25) (26) , we further characterized the role of this kinase in mast cell signal transduction. We found that PKC␤I was tyrosine-phosphorylated in mouse bone marrow-derived cultured mast cells (BMMCs) on FcRI crosslinking, whereas PKC␤II was not (Fig.  1A) . Tyrosine phosphorylation of PKC␤I occurred nearly exclusively in the membrane compartment (Fig. 1 A) . We next explored which PTK is required for this tyrosine phosphorylation. In contrast to wild-type RBL-2H3 rat mast cells, tyrosine phosphorylation of PKC␤I was nearly undetectable in Sykdeficient RBL-2H3 cells (ref. 22 ; Fig. 1 A) . Transfection of Syk-deficient RBL-2H3 cells with syk cDNA reconstituted tyrosine phosphorylation of PKC␤I. In contrast, PKC␤I was tyrosine-phosphorylated in FcRI-stimulated BMMCs derived from btkϪ͞Ϫ mice (18), albeit to a lesser extent than in wild-type cells. Therefore, we conclude that Syk is required for tyrosine phosphorylation of PKC␤I.
PKC␤I and PKC␤II are generated by alternative splicing of a common precursor mRNA, and differ only at their carboxyl termini (27) . Based on this difference, we hypothesized that PKC␤I was phosphorylated on a tyrosine residue (Y662) in its unique 50-residue C-terminal region. There is no tyrosine residue in the corresponding 52-residue region of PKC␤II. To test this hypothesis, a synthetic peptide, ␤I-C25, comprising the C-terminal 25-residue sequence of mouse PKC␤I and phosphorylated versions of this peptide were submitted to kinase assays with Syk, Btk, or Lyn. Neither ␤I-C25 nor a similar PKC␤II peptide (␤II-C28) was phosphorylated by these kinases (Fig. 1B and data not shown). Because the serine residue (S660) of PKC␤II (corresponding to S661 of PKC␤I) is an in vivo autophosphorylation site (28, 29) , we next tested a peptide, ␤I-C25pS, in which the serine residue corresponding to S661 in ␤I is phosphorylated. Remarkably, the ␤I-C25pS peptide was phosphorylated by Syk, but not by Btk or Lyn (Fig. 1B) . As expected, the ␤I-C25pSpY peptide phosphorylated on both S661 and Y662 residues was not phosphorylated by any of these kinases. These findings support the conclusion that the phosphoserine (S661) mimics an acidic residue in front of the phosphoacceptor tyrosine (Y662) similar to that in sequences of the substrates favored by Syk (30) . Consistent with the findings, recombinant PKC␤I was also tyrosine-phosphorylated by recombinant Syk in vitro (data not shown).
We next examined whether PKC␤I is phosphorylated at Y662 in FcRI-stimulated mast cells. Because it is easy to culture MCP-5 mouse mast cells in a large scale, and FcRI stimulation induced tyrosine phosphorylation of PKC␤I, but not PKC␤II, in MCP-5 cells, we used this cell line for phosphopeptide mapping. PKC␤I was immunoprecipitated from FcRI-stimulated MCP-5 mouse mast cells and identified by immunoblotting. PKC␤I bands on the blot were excised and subjected to extensive digestion with trypsin. Trypsin digests were immunoprecipitated with anti-PKC␤I or anti-phosphotyrosine antibodies, followed by immunoblotting. Comparison of the tyrosine-phosphorylated band with the band detected by anti-PKC␤I antibody specific for the C-terminal 16 residues allowed us to identify Y662 as a tyrosine-phosphorylated residue (Fig. 1C) . In a control experiment, anti-PKC␤II antibody specific for the C-terminal 18 residues did not immunoprecipitate a tryptic peptide corre- IgE-sensitized wild-type (wt) and btkϪ͞Ϫ BMMCs were stimulated with antigen and were fractionated into particulate and cytosolic compartments. Proteins in the particulate fraction equivalent to 2 ϫ 10 7 cells and cytosolic proteins equivalent to 10 6 cells were used for immunoprecipitation, followed by immunoblotting with 4G10 anti-phosphotyrosine mAb (anti-PY). The same blots were reprobed with the precipitating antibodies. Wild-type, Sykdeficient (sykϪ), or syk-reconstituted sykϪ (sykϩ) RBL-2H3 cells were similarly analyzed. (B) ␤I-C25 peptides were incubated with Btk, Syk, or Lyn, which was immunopurified from pervanadate-stimulated MCP-5 mast cells, in the presence of [␥-32 P]ATP. Reactions were analyzed by SDS͞PAGE and autoradiography. ␤I-C25 is a nonphosphorylated form, ␤I-C25pS is a peptide phosphorylated at position S661, and ␤I-C25pSpY is a peptide phosphorylated at positions S661 and Y662. As a control, a peptide corresponding to the Cterminal 37-aa residues of mouse FcRI ␥ subunit was used. ** , the position of the phosphorylated ␤I-C25pS. The C-terminal sequences of PKC␤I and PKC␤II are shown in a single-letter code (Lower). * , the in vivo phosphorylation sites of S660 of PKC␤II and S661 and Y662 of PKC␤I. The ␤I-C25 peptide sequence is underlined, and the trypsin cleavage site N-terminal to the ␤I-C25 peptide is also shown. sponding to ␤I-C25pSpY, which could be blotted with antiphosphotyrosine mAb (data not shown). Therefore, these results demonstrate that PKC␤I is phosphorylated on Y662 by Syk in vitro and in vivo. The reduced tyrosine phosphorylation of PKC␤I (Ϸ40% lower) in btk Ϫ͞Ϫ mast cells (Fig. 1 A) is likely because of its reduced translocation to the membrane (7), where it is phosphorylated by Syk.
Conventional PKC isoforms are phosphorylated by PDK1 on the activation loop (T500 in PKC␤II), and by subsequent autophosphorylation at two C-terminal sites: the turn motif (T641 in PKC␤II) and hydrophobic motif (S660 in PKC␤II). Phosphorylation at these positions process PKC into a translocationcompetent species that partitions in the cytosol (31) . Mutational analysis (see Supporting Text and Fig. 5 , which are published as supporting information on the PNAS web site, www.pnas.org) indicated that phosphorylation at Y662 before S661 phosphorylation is inhibitory for the maturation of the enzyme. The results suggest that PKC␤I initially phosphorylated at T500, T642, and S661 is recruited to the plasma membrane, where Y662 is subsequently phosphorylated by Syk.
Phosphorylation of Tyr-662 in PKC␤I Creates the Binding Site for
Grb-2. Notably, phosphorylated Y662, followed by three residues (pTyr-Thr-Asn-Pro), generates a potential binding site for the SH2 domain of the adaptor protein Grb-2 (ref. 32 and Fig. 2A ). Grb-2, complexed with the Ras GEF protein Sos, was shown to recruit Ras to the plasma membrane and activate it in response to a number of stimuli including peptide growth factors (33, 34) . We therefore tested the model that phosphorylation of PKC␤I-Y662 could lead to Grb-2 recruitment and downstream activation of Ras. We initially examined whether the N-terminally biotinylated ␤I-C25pSpY peptide immobilized onto avidinagarose could interact with the SH2 domain of Grb-2. Strikingly, ␤I-C25pSpY precipitated a Grb-2 SH2-GST fusion protein, but not Grb-2-NSH3-GST or GST alone (Fig. 2B) . In contrast, ␤I-C25 and ␤I-C25pS peptides interacted minimally with Grb-2 SH2-GST. We also tested whether the ␤I-C25pSpY peptide interacts with Grb-2 in MCP-5 cell lysates. Immunoblotting of precipitated proteins clearly demonstrated interaction of the phosphopeptide with endogenous Grb-2 (data not shown). In contrast, ␤I-C25pS failed to precipitate Grb-2 from the cell lysates.
We next examined whether PKC␤I interacts with Grb-2 in vivo. Lysates from unstimulated or IgE-and antigen-stimulated MCP-5 mast cells were immunoprecipitated with anti-PKC␤I antibody, and analyzed by blotting with anti-Grb-2. As shown in Fig. 2C , there was a low level of Grb-2 protein in anti-PKC␤I immune complexes in unstimulated cells, and much more significant increase in Grb-2 protein was detected after 3-min stimulation. Coimmunoprecipitation levels returned to the basal levels Ϸ30 min after FcRI crosslinking (Fig. 2C and data not shown). These kinetics of coimmunoprecipitation were similar to those of PKC␤I tyrosine phosphorylation. Conversely, PKC␤I was also detected in immune complexes precipitated with antiGrb-2 antibody with similar kinetics. In a control experiment, Grb-2 was not detected in anti-PKC␤II immunoprecipitates (Fig. 2C) . Together, these results demonstrate an activationdependent, SH2-phosphotyrosine-mediated interaction between PKC␤I and Grb-2.
PKC␤I-Grb-2 Interaction Appears to Contribute to the Activation of
Ras and ERK. Because tyrosine phosphorylation of PKC␤I occurs only in the membrane compartment, it suggests that the PKC␤I-Grb-2 interaction might contribute to the activation of Ras, a plasma membrane protein. To further investigate this possibility, we next examined whether PKC␤I-interacting Grb-2 is also associated with Sos. As shown in Fig. 2C , Sos was detected in immune complexes precipitated with anti-PKC␤I in resting cells and amounts of coprecipitated Sos were increased on FcRI stimulation. We next compared Ras activity between wild-type and PKC␤Ϫ͞Ϫ BMMCs (Fig. 2D) . GTP-bound active Ras, low at the basal level, increased on FcRI stimulation in cells from both strains. However, the peak activation level in PKC␤Ϫ͞Ϫ BMMCs was Ϸ25% lower, compared with wild-type cells. In keeping with these results, ERK activation was also 30-50% lower in PKC␤Ϫ͞Ϫ cells (Fig. 2E) . Reconstitution of PKC␤I expression in these cells by retroviral transfection increased Ras͞ERK activation by 30-50%, indicating full restoration of Ras͞ERK activation (Fig. 2 D and E) . However, PKC␤I expression levels in transfectants were several-fold higher than that of the endogenous PKC␤I in wild-type BMMCs (data not shown). Of note is that the transfectants that have been cultured in the presence of stem cell factor, exhibit more transient Ras͞ERK activation on FcRI stimulation than nontransfected BMMCs. In contrast, reconstitution of PKC␤II expression did not enhance ERK activation. Furthermore, reconstitution with a nonphosphorylatable mutant (Y662F) of PKC␤I did not restore ERK activation (data not shown), which was consistent with the reduced affinity of the ␤I-C25pSF peptide for the Grb-2 SH2 domain (Fig. 2B) . Finally, we measured tumor necrosis factor ␣ (TNF-␣) secreted into media from FcRI-stimulated wild-type and PKC␤Ϫ͞Ϫ BMMCs (Fig. 2F) . PKC␤Ϫ͞Ϫ cells secreted significantly less TNF-␣ than did wild-type cells. Reconstitution with the wild-type PKC␤I, but not PKC␤I-Y662F, increased TNF-␣ secretion. These results are consistent with TNF-␣ regulation by ERK through the nucleocytoplasmic transport of TNF-␣ mRNA (35) . Together, these data indicate that the PKC␤I-Grb-2 interaction contributes to the full activation of the Ras͞ERK pathway.
Phosphorylation of Tyr-658 in PKC␣ Also Appears to Contribute to the Ras͞ERK Activation. Comparison of the C-terminal region among PKC isoforms indicates that the corresponding region of PKC␣ should constitute an even better binding site for the Grb-2 SH2 domain (Fig. 2 A) after phosphorylation of Y658 (equivalent to Y662 in PKC␤I). To test this possibility, we first examined whether PKC␣ is phosphorylated on tyrosine in mast cells. As shown in Fig. 3A, FcRI stimulation induced tyrosine phosphorFig. 3 . Tyr-658-phosphorylated PKC␣ also contributes to the Ras͞ERK activation. (A) Wild-type BMMCs were stimulated with IgE and antigen and fractionated into particulate and cytosolic compartments. PKC␣ immunoprecipitates were analyzed as in Fig. 1 A. Syk-deficient (sykϪ) and syk-reconstituted sykϪ (sykϩ) RBL-2H3 cells were also subjected to similar analysis. (B) N-terminally biotinylated ␣-C30 peptides, i.e., nonphosphorylated (NP), S657 phosphorylated (pS), and S657͞Y658 phosphorylated (pSpY) peptides, which were immobilized onto NeutrAvidin agarose, were incubated with GST, GST-NSH3, or GST-SH2. Bound Grb-2 GST fusion proteins were analyzed by immunoblotting with anti-GST. (C) MCP-5 cells were stimulated with IgE and antigen. Anti-PKC␣ immunoprecipitates were analyzed by immunoblotting with the indicated antibodies. (D) IgE-sensitized BMMCs were pretreated with 5 M Gö 6976 for 10 min before antigen stimulation (Left). Another set of cells were incubated overnight with 100 nM PMA before antigen stimulation. Cell lysates were processed for the measurement of GTP-bound Ras and ERK phosphorylation as described for Fig. 2 D and E. ylation of PKC␣ in the membrane compartment with similar kinetics observed for PKC␤I. Second, similar to PKC␤I, tyrosine phosphorylation of PKC␣ was severely impaired in Syk-deficient RBL-2H3 cells (Fig. 3A) . Third, we mapped Y658 as a phosphorylation site by using the same strategy we used for PKC␤I (data not shown). Fourth, we showed that the biotinylated C-terminal phosphopeptide (␣-C30pSpY), but not the nonphosphorylated (␣-C30) or a S657-phosphorylated (␣-C30pS) peptide, immobilized onto avidin agarose, precipitates GST-Grb-2 SH2 (Fig. 3B) . ␣-C30pSpY exhibited a higher affinity for the Grb-2 SH2 domain than ␤I-C25pSpY (data not shown). ␣-C30pSpY also precipitated Grb-2 from MCP-5 mast cell lysates (data not shown). Fifth, PKC␣ also coimmunoprecipitated Grb-2 and Sos in activated mast cells (Fig. 3C) . These data suggest that PKC␣ also contributes to the activation of the Ras͞ERK pathway. Consistent with this possibility, Gö 6976, a selective inhibitor of the conventional PKC isoforms including PKC␣ and PKC␤I, significantly reduced Ras activation and ERK phosphorylation induced by FcRI stimulation in wild-type as well as PKC␤Ϫ͞Ϫ BMMCs (Fig. 3D and data not shown) . Down-regulation of PKC [induced by chronic treatment of mast cells with phorbol 12-myristate 13-acetate (PMA)] also inhibited FcRI-induced Ras activation and ERK phosphorylation (Fig.  3D ). Because this manipulation reduced the expression of conventional PKCs (data not shown), these results also support the role of PKC␣ and PKC␤I in Ras͞ERK activation. Finally, we demonstrated (7) that Gö 6976 inhibits the production and secretion of TNF-␣ and IL-2 from FcRI-stimulated BMMCs. Together, these data suggest that Grb-2͞Sos binding to plasma membrane-recruited, tyrosine-phosphorylated PKC␣ and PKC␤I contributes to the full activation of the Ras͞ERK pathway. This Ras activation pathway may be operational in other immune cells, as PKC␤I tyrosine-phosphorylation was observed in anti-IgG-stimulated B cells (data not shown).
Discussion
This study has defined an Syk͞PKC-dependent signaling pathway leading to the activation of the Ras͞ERK pathway in mast cells. The tyrosine-phosphorylated C terminus of PKC␤I recruits Grb-2͞Sos complexes to the vicinity of Ras and increases GTP-bound Ras. However, the 25% reduction in Ras activation in PKC␤Ϫ͞Ϫ cells compared with wild-type cells is not a dramatic change. Given the likelihood of redundancy in the PKC isoforms involved in the signal relay pathway we describe, however, this result is not surprising. In this article, we provide clear evidence that tyrosine-phosphorylated PKC␣ can recruit Grb-2͞Sos to activate Ras through a mechanism analogous to tyrosine-phosphorylated PKC␤I. The 25% reduction in Ras activation in PKC␤Ϫ͞Ϫ cells also appears to be consistent with the relative amount of conventional PKC isoforms recruited to the membrane fraction. In addition to PKC␤I, BMMCs express PKC␣, PKC, and PKC͞ isoforms that are potentially involved in the pathway described. The primary BMMC populations used in this study express Ϸ40 ng per 10 6 cells of PKC␣, 50 ng of PKC␤II, and only 1.5 ng of PKC␤I. However, the fraction of the membrane-associated ␤I isoform (Ϸ10%) during FcRI stimulation is much higher than that of the membrane-associated ␣ (Ϸ0.5%; Figs. 1 A and 3A) . Thus, there are nearly equal concentrations of the PKC␤I and PKC␣ isoforms (Ϸ0.15 ng of PKC␤I and 0.2 ng of PKC␣) recruited to the membrane after receptor engagement. These considerations suggest that PKC␣ and PKC␤I may contribute to a similar extent to Ras activation through the Grb-2͞Sos recruitment. This argument is also further supported by nearly identical levels of Grb-2 associated with PKC␣ or PKC␤I. Among three major classes of PKC, i.e., conventional, novel, and atypical isoforms, the ␣, ␤I, ␥, , and ͞ isoforms each contain a potential Syk phosphorylation site that corresponds to Y662 of PKC␤I. Y662 (and equivalent tyrosine) phosphorylation by Syk after autophosphorylation of the preceding Ser͞Thr residue creates putative Grb-2-binding sites in the conventional PKC isoforms (Fig. 2 A) (PKC␥ is a neuronspecific isoform and not expressed in mast cells). On the other hand, potential phosphorylation of the corresponding tyrosine residue of the atypical PKCs by Syk would not involve autophosphorylation of PKC, because the tyrosine residue is preceded by a glutamic acid residue in these isoforms. In our preliminary experiments, we observed tyrosine phosphorylation of PKC and PKC͞ in FcRI-stimulated cells (data not shown). Therefore, these atypical isoforms would also be predicted to contribute to Ras-ERK activation. Because of limited similarities in this region, other related kinases of the AGC family (36) are unlikely to play a similar role in Ras activation.
Numerous studies have suggested that PKC mediates Ras͞ ERK activation. Treatment with phorbol esters and calcium circumvents the requirement for cell-surface receptor engagement, and activates the Ras͞ERK pathway. Both PKCdependent and -independent pathways have been proposed to explain how the engagement of multichain immune receptors activates these pathways: inactivation of RasGAPs by PKC (13) and direct phosphorylation of c-Raf-1 by PKC (14, 15) are potential avenues. Membrane recruitment of the diacylglycerol-binding C1 domain-containing protein, RasGRP, was shown to be a major regulatory mechanism for Ras activation in T cells (16, 17) . This GEF protein may contribute to Ras͞ERK activation in response to increased levels of diacylglycerol without the involvement of PKCs in other cell types as well [although RasGRP is not expressed in mouse BMMC (data not shown)]. Although our data do not allow direct comparison of the relative roles for alternative routes to Ras͞ERK activation, this study clearly demonstrates that Syk-dependent PKC␤I͞PKC␣-mediated recruitment of the Grb-2͞Sos complex contributes to the full activation of the Ras͞ERK pathway in FcRI-stimulated mast cells (Fig. 4) and antigen receptor-stimulated B cells (data not shown). The substantial inhibition of Ras͞ERK activation exhibited by Gö 6976 and PMA-mediated PKC down-regulation suggests that this may be a major pathway for the Ras͞ERK activation in these cells. The incomplete inhibition of ERK activation by these measures is also consistent with a previous report that FcRI-induced ERK activation depends on both PKC-dependent and -independent components (37) . Interestingly, we observed increases in basal Ras activities in mast cells treated with Gö 6976 or chronically with PMA, although not translated to increases in ERK activation (Fig. 3D) . This finding may indicate that RasGAP or other GAP proteins are under constitutive inhibition by PKC (13, 38) . In the pathway defined Model for a Ras activation pathway. PKC␤I in the cytosol has been phosphorylated at T500, T642, and S661. On FcRI stimulation, PKC␤I is recruited to the plasma membrane by diacylglycerol (DAG) and acid phospholipids, and phosphorylated at Y662 by Syk. The hydrophobic motif with the phosphorylated Y662 now binds Grb-2 by means of the phosphotyrosine-SH2 domain interaction. Grb-2-bound Sos in turn activates Ras. This mechanism can be applicable to PKC␣ as well.
in this study, the conventional PKCs primarily play an adaptor function to recruit the Grb-2͞Sos complex to the vicinity of Ras (Fig. 4) . This adaptor function is exceptional, however, as the enzymatic activity of these PKCs is required: only the species primed by intramolecular autophosphorylation are recognized by Syk.
To the best of our knowledge, this study also represents the first demonstration where a tyrosine residue is phosphorylated by a PTK only after phosphorylation of the preceding serine residue. Because several PTKs prefer Glu-Tyr sequences as part of their recognition sequences (39), we predict that similar phosphorylation targets will be found. This model further underscores the coordinate regulation of signaling events by serine͞threonine kinases together with PTKs.
